belliferyl phosphate as substrates. From these results, we conclude that phosphohistone and phosphorylase a are not useful substrates for chloroplast thylakoid protein phosphatase activity and that the chloroplast enzymes may not fit into one of the canonical classifications currently used for protein phosphatases.
Although reversible chloroplast protein phosphorylation has been observed and studied extensively over the past decade, our knowledge about the requisite protein kinases and phosphatases is not complete (5) , particularly in the case of the latter activities. When phosphorylated thylakoid membranes are transferred to the dark or when inhibitors are used to halt the light-stimulated thylakoid protein kinase activity, the phosphoproteins are dephosphorylated by a membranebound activity in an enzyme-dependent manner (4) . The dephosphorylation is inhibited by NaF (4) and molybdate ions (23) , common phosphatase inhibitors, indicating that the hydrolysis is catalyzed by a phosphatase. Yet attempts to study this enzyme have been hindered by the lack of an appropriate substrate (29) . Because of the extremely hydrophobic nature of the primary thylakoid phosphoprotein LHCP,2 and the fact that thylakoid protein phosphatase activity is sensitive to detergent inhibition (4, 29) , it has not 'This research was supported by grants DMB-8703100 from the National Science Foundation and 89-00641 from the U.S. Department of Agriculture/CRGO. This is journal article No. 9807 from the Nebraska Agricultural Research Division.
2Abbreviations: LHCP, light-harvesting Chl a/b binding proteins;
fl-Gol-P, i3-glycerolphosphate; OKA, okadaic acid; M-LR, microcystin-LR; 4-MUP, 4-methylumbelliferylphosphate; pNPP, p-nitrophenylphosphate.
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been possible to use solubilized [32P]LHCP as an exogenous substrate to assay the thylakoid protein phosphatase. Because thylakoid phosphoproteins are phosphorylated on threonyl residues (5), phosphohistone, a common substrate for protein Ser(P)/Thr(P) phosphatases, was employed to assay the thylakoid protein phosphatase activity. We previously reported that a histone phosphatase activity was loosely associated with wheat thylakoid membranes (28) . Partial removal of this activity from thylakoid membranes by washes with 0.35 M NaCl solutions decreased the rate of endogenous thylakoid protein dephosphorylation, and addition of this activity increased thylakoid protein dephosphorylation. These results provided circumstantial evidence for the involvement of a histone phosphatase in thylakoid protein dephosphorylation (28) .
Protein Ser(P)/Thr(P) phosphatases from mammalian sources are well studied and are divided into four groups, types 1, 2A, 2B, and 2C, based on their substrate specificity, metal ion cofactor, and sensitivity to a variety of specific inhibitors (8) . These activities are conserved in species as diverse as Drosophila melanogaster, sea stars, brine shrimp, Acanthamoeba, and Saccharomyces cerevisae, leading to the general acceptance of this classification scheme (8) . Using the above criteria, Cohen's laboratory has established (18, 19) that the major plant protein phosphatase activities are very similar to the well-characterized activities from nonplant species. A cDNA clone was recently isolated from maize (Zea mays) and expressed in Escherichia coli, and found to be very similar in primary sequence and pattern of inhibition to the mammalian type 1 protein phosphatase enzyme (26) , supporting the expectation that newly studied plant protein phosphatase enzymes will be similar to their mammalian counterparts. Using the techniques and criteria developed in studying mammalian protein phosphatases to study the thylakoid protein phosphatase activity now seems to be appropriate.
MacKintosh et al. (18) recently reported that they were not able to detect any significant phosphorylase a or histone phosphatase activity in sucrose gradient-purified wheat or pea chloroplasts. These authors suggested that the histone phosphatase activity we reported to be associated with thylakoid membranes might represent a contamination by protein phosphatase activity from other locations in the cell. In this communication, we present data to clarify this controversy, report the lack of effect by the specific protein phosphatase inhibitors on thylakoid protein dephosphorylation, and assess the presence of alkaline phosphatase activity in the chloroplast. 
MATERIALS AND METHODS

Chloroplast Isolation and Leaf Extract Preparation
Wheat (Triticum aestivum L. cv Brule) and pea (Pisum sativum L. cv Alaska) plants were grown for 10 to 20 d in a soil-vermiculite mixture at 230C, 60% RH, and 250 umol m-2 s-' (PAR) of light with a photoperiod of 16 h. Leaves (100 g) were excised and homogenized (wheat leaves with a Waring blender, pea leaves with a Polytron blender) for 5 s in 500 mL of ice-cold grinding buffer (50 mm K-Hepes, 0.3 M sorbitol, 1 mM MgCl2, 1 mm MnCl2, 2 mm Na2EDTA, 0.1% BSA, pH 7.3). All the following steps were performed at 0 to 50C. The homogenate was filtered through four layers of Miracloth (Calbiochem, Inc.) and centrifuged at 1,500g for 5 min. The pellets were gently resuspended in 4 mL of grinding buffer, divided in two, and each part mixed with 39 mL of 53% (v/ v) Percoll in grinding buffer. The mixture was centrifuged at 39,000g for 22 min. The chloroplasts were separated into two bands, with the broken chloroplasts on the top of the Percoll gradient and the intact chloroplasts near the bottom. The intact chloroplasts were carefully removed with a Pasteur pipet, washed with 40 mL of resuspension buffer (50 mi KHepes, 0.3 M sorbitol, pH 8.0), and collected by centrifugation at 2,000g for 5 min. The washing procedure was repeated twice. Following the third wash, the pelleted intact chloroplasts were lysed hypotonically in 25 mm K-Mes, pH 6.5.
To prepare whole leaf extracts, wheat or pea leaves (5 g) were harvested in parallel with the preparation of intact chloroplasts and homogenized in 25 mL of ice-cold 25 mm K-Mes, pH 6.5, with a Waring blender for 10 s, and the homogenate was then filtered through four layers of Miracloth. The filtrate was used as the whole leaf extract. Chl (2) and protein (25) concentrations were determined as described.
Preparation of 32P-Phosphoprotein Substrates and
Phosphatase Activity Assays 32P-Labeled histone was prepared as described before (28) with minor modifications. Bovine heart 3',5'-cyclic AMPdependent protein kinase (1 mg, Sigma) instead of its catalytic subunit was used to phosphorylate histone (III-S, Sigma), and therefore 1 mm cAMP was included in the phosphorylation reaction. At the end of the phosphorylation reaction, solid ammonium sulfate was added to 75% saturation (40C).
The mixture was incubated on ice for 10 min and then centrifuged at 2000g for 15 min. The labeled histone remained in the supernatant fluid and other proteins from the protein kinase preparation were pelleted. The labeled histone was desalted as described (28) .
Phosphorylase a is prepared by phosphorylation of phosphorylase b with phosphorylase kinase for 60 min at 300C according to Cohen et al. (9) with the following modifications. [,y-32P]ATP (2 x 106 dpm nmol-1), 20 mi NaF, 100 mm TrisHCl (pH 7.7), 0.1 mm CaCl2, 10 mm magnesium acetate. At the end of the phosphorylation reaction, the unreacted ATP and other small molecules were removed by desalting on a Sephadex G-25 column that was equilibrated with ammonium sulfate at 100 mg mL'. The first radioactive peak from the column was pooled and mixed with an equal volume of 475 mg mL-' of ammonium sulfate. After standing on ice for 30 min, the suspension was centrifuged. The pelleted [32P]phosphorylase a was redissolved in 25 mi K-Mes, pH 6.5, and dialyzed against the same buffer overnight to remove the ammonium sulfate and any residual ATP. The dialyzed phosphorylase a was stored in aliquots at 40C.
Protein phosphatase activity assays were carried out at pH 6.5 as described in ref. 28 . Alkaline phosphatase activity was assessed in 50 mi Tris Cl (pH 8.0), 2.5 mM MgCl2 by measuring hydrolysis of 5 mm pNPP (29), 5 mm 4-MUP (1), or 5 mM f3-Gol-P (6) as described in their respective references. The amount of enzyme activity that releases 1 pmol of phosphate/min at 300C is defined as one unit.
Endogenous Thylakoid Protein Dephosphorylation
Thylakoid membranes were prepared from lysed intact pea chloroplasts by centrifugation at 39,000g for 20 min and resuspended at 0.35 mg Chl mL-1 in 125 mm Na Tricine (pH (17) . Following electrophoresis, the gel was stained with Coomassie brilliant blue and destained. The LHCP bands in the wet gel were excised and the radioactive phosphate incorporated was quantitated by Ceronkov counting.
RESULTS AND DISCUSSION
We previously reported that thylakoid membranes had histone phosphatase activity and that at least part of that activity could be washed off the membranes from wheat (and to a lesser extent spinach) with buffer of high ionic strength (28) . In contrast, MacKintosh et al. (18) reported recently that they could not detect any significant levels of protein phosphatase activity in sucrose gradient-purified chloroplasts of either pea or wheat. To document whether chloroplasts contain a significant amount of protein phosphatase activity, and if so, what proportion of the total leaf protein phosphatase the chloroplast activity represents, we isolated intact chloro- Intact chloroplasts and whole leaf extracts were prepared from wheat or pea leaves as described in the text. The two fractions were adjusted to the same Chi concentration. In the protein phosphatase assay, the final Chi concentration was from 0.045 to 0.067 mg/mL. The final concentrations of M-LR and OKA in the assays were 2 gM. The protein phosphatase activity in the whole leaf extract in the absence of the inhibitor is taken as 100%. (11, 16) . These data support previous reports (18, 19) It has been suggested that the thylakoid protein phosphatase could be a type 2C-like enzyme (12) . Protein phosphatase 2C activity has an absolute requirement for Mg2", is relatively insensitive to OKA and M-LR, and has been shown to dephosphorylate phosphohistone and phosphocasein (8, 18) . Dephosphorylation of thylakoid phosphoproteins is reported to be inhibited by chelators such as EDTA (21) and stimulated by the addition of Mg2" (4 It is difficult to make kinetic measurements on a membrane-bound protein phosphatase utilizing a membranebound phosphoprotein as substrate. It is clear that the membrane-bound thylakoid protein kinase will utilize exogenously supplied soluble proteins as substrates (22), so it seems unlikely that soluble phosphoproteins would be physically excluded from interaction with the thylakoid protein phosphatase. In fact, the rates of LHCP phosphorylation by the thylakoid protein kinase are generally less than that for histone (22) . From a past report (28) and current results (see below), we estimate that minimal initial rates of in situ LHCP dephosphorylation for wheat and pea thylakoid are >20 and >30 pmol min-' mg-' Chl, respectively. The sensitivity of our assays utilizing labeled histone and phosphorylase a is sufficient to have readily detected this level of activity in the chloroplast lysates.
Some alkaline phosphatases are known to dephosphorylate phosphoproteins, and the dephosphorylation of thylakoid phosphoproteins has a pH optimum of 8 (4). This raises the possibility that the chloroplast may contain an alkaline phosphatase activity that participates in dephosphorylation of thylakoid proteins. For this reason, we assessed the alkaline phosphatase activity in isolated intact pea chloroplasts using pNPP, 4-MUP, or ,B-Gol-P as substrates (Table II) . We were unable to detect significant amounts of activity toward either of the latter two substrates. Approximately 35% of the activity hydrolyzing pNPP in the leaf homogenate was estimated to be in the chloroplast. Of the chloroplastic pNPPase activity, 14% pelleted with the membrane fraction and 86% remained soluble following hypotonic lysis and centrifugation. It has been argued (27) that pNPP, and to a lesser extent 4-MUP, are readily hydrolyzed by a wide variety of phosphatases and that their value in the assay of specific phosphatases or protein phosphatases is questionable. On the other hand, ,BGol-P is not hydrolyzed by protein Ser(P)/Thr(P) phosphatases and may be more specific for alkaline phosphatase activities (27) . Our results indicate that chloroplasts contain, at most, very low levels of alkaline phosphatase activity when measured with 4-MUP and i3-Gol-P. Intact chloroplasts were isolated from homogenates of pea leaves. The ability of each fraction to hydrolyze three substrates was measured at pH 8.0. Results are normalized on a Chl basis so that the activity in the chloroplast fraction is representative of the proportion of that activity in the total leaf extract. These results and a close examination of the procedure that we used to isolate the thylakoid membranes in our previous report (28) lead us to conclude that the histone phosphatase activity detected previously was not significant compared with the total cell protein phosphatase activity and was probably a contaminant from some other cellular compartment. Because intact chloroplasts do not have any significant activity that dephosphorylates exogenously supplied substrates such as phosphorylase a or labeled histone (Table I, (4) , 20 mm NaF totally inhibited the thylakoid protein dephosphorylation. These data demonstrate that the thylakoid membranes have a protein phosphatase activity that probably has different properties from the major plant protein phosphatases (19) and well-characterized mammalian enzymes (8) .
Taken together, the report from Cohen's group (18) and our results raise some interesting questions. Protein Ser(P)/ Thr(P) phosphatases generally exhibit a broad substrate specificity for a variety of proteins (27) strict substrate specificity to be able to escape detection with histone and phosphorylase a, well-established phosphatase substrates. Over 20 polypeptides in the thylakoid membranes are known to be phosphorylated by the thylakoid protein kinase activity in the light (3, 20) and dephosphorylated in the dark, and over 15 chloroplast stromal polypeptides have been shown to be phosphorylated by a different protein kinase activity (14) . Among the latter class, Rubisco (15) and pyruvate, Pi dikinase (7) have been reported to be phosphorylated and dephosphorylated by stromal enzymes. In all cases, the phosphorylated amino acid residues are Thr or Ser, with the exception of pyruvate,Pi dikinase, where a histidine is also phosphorylated (24) . In the latter case it is not clear that a protein phosphatase is involved in dephosphorylating the phosphohistidyl residue. If a large number of chloroplastic proteins undergo reversible phosphorylation, how can one or a few protein phosphatases manage their dephosphorylations and yet have such narrow substrate specificities that they are inactive on either of the usual Ser(P)/Thr(P) phosphoprotein substrates? These and related findings (18) suggest that the enzyme(s) responsible for dephosphorylation of chloroplast phosphoproteins may not fit into any of the canonical classifications devised by Cohen (8) . Such enzymes, as recently found in E. coli (10, 13) , could have somewhat different properties from the archetypal mammalian protein phosphatase activities studied to date. We are currently in the process of investigating the suitability of other protein phosphatase substrates for assaying the endogenous protein phosphatase activity of chloroplast thylakoid membranes.
